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Materials and Methods

General methods: General methods were described Wu et al (/) except for the following
information. cDNA clones for m-cGAS (E330019A16; accession #BC145653 ) and h-
cGAS (C60rf150; accession #BC108714) were purchased from Open Biosystems. The
coding sequences for cGAS, as well as those for DAI, I[F116, DDX41 and MAVS, were
subcloned into pcDNA3 in-frame with an N-terminal Flag tag. The lentiviral shRNA
vector for knocking down mouse STING and the generation of L929/shSTING stable
cells were described previously(2). The same vector and method were employed to
establish 1.929/sh-cGAS and THP1/sh-cGAS cell lines using the following targeting
sequences (only sense strand sequence is shown): m-cGAS-a: 5°-
GGATTGAGCTACAAGAATA, and m-cGAS-b: 5’- GCTGTAACACTTCTTATCA-3’;
h-cGAS-a: 5’-GGAAGGAAATGGTTTCCAA and h-cGAS-b: 5°-
GCCTTCTTTCACGTATGTA-3’. Primers for quantitative RT-PCR (q-RT-PCR) were:
m-cGAS, sense: ACCGGACAAGCTAAAGAAGGTGCT, anti-sense:
GCAGCAGGCGTTCCACAACTTTAT; h-cGAS, sense:
GGGAGCCCTGCTGTAACACTTCTTAT, anti-sense:
CCTTTGCATGCTTGGGTACAAGGT. siRNA oligos were purchased from Sigma and
the sense strand sequences targeting the following mouse genes were: DDX41:

UGACAUGCCUGAAGAGAUATT; p204: AGAAAACAGUGAACCGAAATT;
STING: CGAAAUAACUGCCGCCUCATT; m-cGAS-a:
GGAUUGAGCUACAAGAAUATT; m-cGAS-b: GCUGUAACACUUCUUAUCATT.

The antibody against human cGAS (C6orf150) was purchased from Sigma.

In vitro assay for cGAS activity

To measure cGAS activity, cell extracts or fractions from chromatography were mixed
with buffer A (20 mM Hepes, pH7.2, 5 mM MgCl,, 2 mM ATP, 2 mM GTP, 0.1 mM
EGTA), in the presence or absence of 0.1 mg/ml herring testis DNA (HT-DNA). After
incubation at 37°C for 45 min, the mixture was heated at 95°C for 5 min, centrifuged at
10,000 x g for 3 min, then the heat-resistant supernatant was mixed with PFO

permeabilized THP1 or Raw264.7 cells to measure IRF3 activation.



Purification of cGAS from Cell Extracts

Cytosolic extracts (S100) of 1.929/shSTING were used to purify endogenous cGAS
through three different routes (see fig. S1A), each route using approximately 250 mg of
starting materials [from ~200 plates (15 cm ID) of cultured cells]. In route I, S100 was
loaded onto a Heparin column equilibrated with buffer B [20 mM Tris-HCI, pH7 4,
0.02% CHAPS, 0.5 mM DTT, and 0.1 mM PMSF], and eluted sequentially with 0.5 M
and 1.0 M NaCl in buffer B. The 1.0 M eluate, which contained the cGAS activity, was
further fractionated with a 0.5 M-1.0 M gradient on a heparin column. Active fractions
were pooled, concentrated and subjected to gel filtration on a Superose 6 PC 3.2/30
column in buffer C [20mM Tris-Cl, pH8.0, 150mM NaCl, 0.02% CHAPS, 0.5mM DTT,
0.ImM PMSF] using the ETTAN micropurification system (GE Healthcare). Active
fractions were loaded onto a Mono Q PC 1.6/5 column (GE Healthcare) equilibrated with
buffer B and eluted with a 0-0.5 M NaCl gradient. In route II, the 1.0 M eluate from the
Heparin column was loaded onto a hydroxyapatite column (Bio-Rad) equilibrated with a
buffer containing 10 mM KPO,, pH7.0 (a mixture of K,HPO, and KH,PO,), and eluted
with 0.125 M KPO,, pH7.0. The eluate was further fractionated with the Mono Q PC
column as described in route I. Active fractions were pooled and loaded onto a Mono S
PC 1.6/5 column in buffer D [20 mM Tris-Cl, pH 8.3, 0.02% CHAPS, 0.5 mM DTT, 0.1
mM PMSF], and eluted with a 0-1.0 M NaCl gradient in buffer D. In route III, active
fractions from mono Q PC of route II were applied to biotin-ISD (Sigma) immobilized on
monomeric Avidin UltraLink beads (Pierce), which was equilibrated with buffer E [20
mM Tris-Cl, pH7.4, 100 mM NaCl, 0.02% CHAPS]. After extensive washing with the

same buffer, bound proteins were eluted with 2 mM biotin in buffer E.

Expression and Purification of Recombinant Proteins

c¢DNA encoding full-length human or mouse cGAS was inserted into a modified pET28a
vector containing an in-frame His,-SUMO tag. The E. coli strain BL21/pLys harboring
the plasmid was induced with 0.5 mM IPTG at 18°C overnight. E coli was resuspended
and sonicated in lysis buffer I [SO mM Tris-HCI, pH 8.0, 300 mM NaCl, 20 mM
imidazole, 5 mM [3-mercaptoethanol, 0.2 mM PMSF] and centrifuged at 100,000 x g for



20 min. The supernatant was incubated with Ni-NTA beads (Qiagen) in lysis buffer I.
After washing in the same buffer, bound proteins were eluted with buffer F (20 mM Tris-
Cl, pH7.4, 150 mM NaCl, 300 mM Imidazole). The His,-SUMO tag was cleaved by
SUMO protease (Ulpl) and the mixture was loaded onto a 1-ml HiTrap Heparin column
(GE Healthcare) in buffer B. After washing with buffer B containing 0.5 M NaCl, the
cGAS protein was eluted with 1.0 M NaCl in the same buffer.

GST-tagged cGAS was generated in pLys/BL21 using Gateway cloning according to
manufacturer’s instruction. After induction with 0.8 mM IPTG at 18°C overnight, the
bacteria were resuspended and sonicated in lysis buffer II [50 mM Tris-HCI, pH7.4, 100
mM NaCl, 10% glycerol, 0.5% NP40, 0.5 mM EDTA, 0.5 mM EGTA], and centrifuged
at 100,000 x g for 20 min. The supernatant was mixed with glutathione Sepharose (GE
Healthcare) and washed extensively with lysis buffer II. Bound proteins were eluted with
10 mM reduced glutathione in 50 mM Tris-Cl, pH8.0, and dialysed against buffer G [20
mM Tris-Cl, pH. 7.4, 50mM NaCl, 10% Glycerol].

To express recombinant cGAS protein in mammalian cells, HEK293T was transfected
with pcDNA3-Flag-h-cGAS for 36 hours. Cytosolic extracts were prepared from 20
plates (15-cm ID) of cultured cells by douncing in a hypotonic buffer [10mM Tris-Cl.
pH7.4, 10mM KCI, 1.5mM MgCl,, 0.5mM DTT and protease inhibitor cocktail (Roche)],
and loaded onto a 5-ml HiTrap Heparin column in buffer B. After washing with 0.5M
NaCl in buffer B, Flag-h-cGAS was eluted with 1.0M NaCl and then mixed with agarose
beads coupled with anti-Flag (M2) antibody (Sigma). After washing in lysis buffer II,
bound proteins were eluted with 0.2 mg/ml FLAG peptide in a buffer containing 50 mM
Tris-Cl, pH8.0, and 0.02% CHAPS.

DNA Binding Assay

Recombinant GST-tagged cGAS was incubated with streptavidin UltraLink beads in the
presence of ISD or biotin-ISD in lysis buffer II. After three washes in the same buffer,
bound proteins were eluted by boiling in SDS sample buffer and detected by
immunoblotting using a GST antibody (Covance). A biotin-RNA sequence



(ACGGAAAGACCCCGU) from 23S rRNA of DHS5a was used as a negative control. To
map the DNA binding domains of cGAS, Flag-tagged cGAS fragments were expressed in
HEK293T cells by transient transfection. Cell lysates were prepared in lysis buffer 11 and
incubated with streptavidin UltraLink beads as above, except that cGAS protein
fragments precipitated by the beads were detected with a Flag antibody (M2).

Protein Identification by Mass Spectrometry

Fractions from the last step of each purification route were resolved by SDS-PAGE and
then visualized by silver staining. For each purification route, one lane from the fraction
containing the highest cGAS activity and two adjacent lanes from fractions containing
low cGAS activity were chosen for mass spectrometry analyses. Each lane was cut into
10 slices of gels of approximately equal sizes, which were destained and then reduced in
20 mM DTT at 56°C for 30 min followed by alkylation in 55 mM iodoacetamide in
the dark for 1 hr. Proteins in the gels were digested in situ with sequence grade trypsin
(Promega) in 50 mM ammonium bicarbonate at 37°C overnight. Peptides were extracted
sequentially with 5% formic acid (FA) /50% acetonitrile (ACN) and 0.1% FA /75%
ACN, vaccum dried and then resuspended in 10 pl of 0.1% FA. 5 ul of the peptide
sample was loaded via an autosampler (Thermofisher Scientific) onto a homemade
analytical column (75 pm ID, 150 mm length) packed with C-18 resin (100 A3 pm,
MICHROM Bioresources). The peptides were then eluted with a 78 min gradient
generated by a Dionex Ultimate 3000 nanoLC system (Thermofisher Scientific) as
follows: 2-30% B in 68 min, 30-35% B in 4 min, 35-40% B in 2 min, 40-60% B in 3
min, and 60-80% B in 1 min (A = 0.1% FA; B = 0.1% FA/ 100% ACN). The eluted
peptides were sprayed into to a Quadrupole-Orbitrap Hybrid mass spectrometer (Q-
Exactive, ThermoFisher Scientific) equipped with a nano-electrospray ion source.
MS/MS spectra were acquired in a data-dependent mode whereby the top 10 most
abundant parent ions were subjected to further fragmentation by higher energy collision
dissociation (HCD). For protein identification, database searches were performed on an
in-house Mascot server (Matrix Science) against the IPI mouse database (v3.87).
Carbamidomethylcysteine was set as a fixed modification and N-acetylation and

methionine oxidation were set as variable modifications.



Quantitative Analysis of Mass Spectrometry Data

For label-free quantification of proteins identified in the fractions from the last step of
each purification route, raw data were searched again using the Andromeda search engine
and the MaxQuant software package (1.3.0.5) against the IPI mouse database (v3.87) (3,
4). The first search tolerance was set at 20 ppm and main search deviation at 6 ppm. The
required minimum peptide length was six amino acids. The false discovery rate (FDR) at
both peptide and protein levels was set to 0.01. The methods for comparative analysis of
the amount of a protein in different fractions were defined manually and coupled to
MaxQuant through the Experimental design file. To get protein candidates that correlated
with the cGAS activity in different purification routes, MaxQuant output results were
verified manually with a comprehensive consideration of peptide counts, sequence
coverage and protein intensities. The Venn diagram showing proteins that overlapped
among different purification routes was generated by the “VENNY” online server. Mass

spectrometry and SRM quantification of cGAMP was described in Wu et al (7).

Immunostaining and confocal microscopy

Immunostaining with 1.929 cells stably expressing Flag-tagged m-cGAS was performed
as described previously(2). Cells were transfected with Cy3-ISD for the indicated times
and fixed in 4% formaldehyde in PBS for 15 min. Anti-Flag M2 (1:500, Sigma) and
Alexa 488 conjugated goat anti-mouse IgG (1:500, Invitrogen) were used as the primary
and secondary antibodies to detect Flag-cGAS. Nuclei were labeled by staining with
DAPI in the mounting medium (Vectashield). Images of the cells were collected with a
Zeiss LSM510 META laser scanning confocal microscopy (Carl Zeiss Microlmaging
Inc).

Subcellular Fractionation
Nuclear and cytoplasmic extracts were prepared using the NE-PER Nuclear and
Cytoplasmic Extraction Reagents kit (Thermo Fisher Scientific) according to the

manufacturer’s instructions.



For fractionation of subcellular organelles, THP-1 cells were washed with cold PBS and
lysed by douncing for 20 times in the hypotonic buffer. The homogenate was centrifuged
at 500 x g for 5 min to remove cell debris and nuclei. The supernatant (S1) was
centrifuged at 5,000 x g for 10 min to precipitate mitochondria and other heavy
organelles (P5). The supernatant (S5) was further centrifuged at 17,000 x g for 10 min to
generate S20 and P20. S20 was further centrifuged at 100,000 x g to obtain S100 and
P100. Each pellet was resuspended in equal volumes of lysis buffer II for further analyses

by immunoblotting.
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Figure S1. Purification of a ¢cGAMP synthase (cGAS) and its identification by
quantitative mass spectrometry. (A) Diagram of three different routes to purify
endogenous cGAS activity from L929 cell extract. (B) Fractions from the last step of
each purification route were tested for the activity to generate cGAMP, which was
delivered to permeabilized Raw264.7 cells followed by measurement of IRF3
dimerization. The relative abundance of E330016A19 (m-cGAS) was estimated by label-
free quantification of mass spectrometry data generated from 80 samples (gel slices). (C)
Venn diagram depicting the number of proteins that overlapped among different
purification routes based on quantitative mass spectrometry analyses.



Figure S2
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Figure S2. Evolutionary conservation of cGAS sequences in vertebrates. (A) Amino
acid sequence of mouse cGAS protein (E330016A19). Peptides identified by mass
spectrometry are shown in red. (B) Identity scores between amino acid sequences of
cGAS from pairs of vertebrate species. (C) Multiple sequence alignment of the C-
terminal conserved regions of cGAS proteins from various species using the
PROMALS3D program. Identical amino acids are indicated in red and conserved amino
acids in yellow. Predicted secondary structure elements are indicated below the alignment
as alpha helices (h) and beta strands (e). Conserved active site residues of NTase
superfamily are marked with an asterisk (*).
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Figure S3
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Figure S3. cGAS activates IRF3 and induces IFNB. (A) Indicated proteins were
expressed in HEK293T cells and affinity purified using Flag antibody (M2)-agarose. The
proteins were incubated with ATP and GTP in the presence of HT-DNA, and the
synthesis of cGAMP was assessed by its ability to induce IRF3 dimerization in Raw264.7
cells (left). Aliquots of the cGAS proteins were immunoblotted with a Flag antibody
(right). (B) Indicated amounts of the expression plasmids were transfected with or
without HT-DNA (3 ug) into HEK293T-STING cells, followed by measurement of IFNf
RNA by q-RT-PCR.

11



Figure S4
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Figure S4. cGAS is required for IRF3 activation and IFNf induction. (A) L929 cells
were transfected with two different pairs of siRNA oligos targeting distinct regions of
mouse cGAS. As a control, siRNA against GFP was also transfected into the cells. 60 hr
after transfection, cells were transfected with HT-DNA for another 8 hr and then IFNf
and m-cGAS RNA was measured by q-RT-PCR. (B) q-RT-PCR analyses of m-cGAS
RNA in L.929 cell lines stably expressing shRNA targeting GFP (control) or two different
regions of m-cGAS. (C) RNA from 1929 cells stably expressing a shRNA against GFP,
m-cGAS or STING was measured by q-RT-PCR. (D) THPI cells stably expressing a
shRNA against GFP or human cGAS were transfected with HT-DNA or infected with
Vaccinia virus (VACV) or SeV. 6 hr later, IFNf§ RNA was measured by q-RT-PCR. The
knockdown of h-cGAS in the cells was assessed by immunoblotting. (E and F) THP1
cells stably expressing two different shRNAs targeting distinct regions of h-cGAS were
analyzed by q-RT-PCR (E) or immunoblotting (F) to determine the knockdown
efficiency. These cells were infected with HSV1 or SeV for 6 hr (E and F) or transfected
with HT-DNA for different lengths of time (F), then IRF3 dimerization was analyzed by
native gel electrophoresis.
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Figure S5
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Figure S5. Purification and catalytic activity of recombinant cGAS protein. (A)
Coomassie blue staining of Sumo-m-cGAS expressed and purified from E coli. (B)
Coomassie blue staining of wild-type and GS>AA (G198A/S199A) mutant of m-cGAS
expressed and purified from E coli. The Sumo tag was removed by a Sumo protease
(Ulpl). (C) Purified Sumo-m-cGAS or m-cGAS lacking the Sumo tag was incubated
with ATP and GTP in the presence or absence of HT-DNA, then the reaction mixtures
were heated to prepare heat-resistant supernatants, which were delivered to permeabilized
Raw264.7 cells to measure IRF3 activation. (D) Comparison of the MS/MS spectra of
cGAMP produced by purified m-cGAS and chemically synthesized cGAMP.
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Figure S6
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Figure S6. Dissection of cGAS functional domains. (A) Expression vectors encoding
Flag-tagged full-length h-cGAS and various deletion mutants as illustrated (left) were
transfected into HEK293T-STING cells. 24 hr after transfection, TNFo. RNA was
measured by g-RT-PCR. Aliquots of the cell extracts were resolved by native gel
electrophoresis and SDS-PAGE, followed by immunoblotting with antibodies against
IRF3 and Flag, respectively. (B) Flag-tagged full-length h-cGAS and the fragment
containing residues 161-522 were expressed in HEK293T cells and then affinity purified.
These proteins were incubated with ATP and GTP in the presence or absence of HT-
DNA, and the reaction products were analyzed for the presence of cGAMP activity by
measuring IRF3 dimerization in Raw264.7 cells.
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Figure S7
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Figure S7. Knockdown of cGAS, but not DDX41 or p204, inhibited the generation of
¢GAMP activity in DNA-transfected cells. siRNA against the indicated genes was
transfected into L.929 cells followed by transfection of HT-DNA. The RNA levels of each
RNAI target (A) and IFNf (B) were measured by q-RT-PCR. Aliquots of the cell lysates
were heated to prepare heat-resistant supernatants, which were delivered into
permeabilized Raw264.7 cells to measure the activity of cGAMP, as assessed by the
stimulation of IRF3 dimerization (C). As expected, knockdown of cGAS, but not STING,
inhibited the generation of cGAMP activity in the cells.
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